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O Abstract 

<N 

^ The recent results on Higgs boson searches from LHC experiments provide significant guidance in ex- 



ploring the Minimal Supersymmetric (SUSY) Standard Model (MSSM) Higgs sector. If we accept the 
existence of a SM-like Higgs boson in the mass window of 123 GeV— 127 GeV as indicated by the ob- 



r^ served 77 events, there are two distinct mass regions (in m^) left in the MSSM Higgs sector: (a) the lighter 

' CP-even Higgs boson being SM-like and the non-SM-like Higgs bosons all heavy and nearly degenerate 

^ above 300 GeV (an extended decoupling region); (b) the heavier CP-even Higgs boson being SM-like and 

the neutral non-SM-like Higgs bosons all nearly degenerate around 100 GeV (a small non-decoupling re- 

^ gion). On the other hand, due to the strong correlation between the Higgs decays to VF+VF~ and to 77 



predicted in the MSSM, the apparent absence of a VF+ VF final state signal is in direct conflict with the 77 
peak. If we consider the VF+VF~ channel on its own, the absence of the VF+VF~ signal would imply that 



O the SM-like Higgs boson has reduced coupling to W^, and that the other non-SM-like Higgs bosons should 



not be too heavy and do not decouple. If both the 77 excess and the absence of a VF+VF~ signal continue, 
new physics beyond the MSSM will be required. A similar correlation exists between the VF+VF~ and 
T^T~ channels: a reduced VF+VF~ channel would force the t^t~ channel to be larger. Future searches 
for the SM-like Higgs boson at the LHC will provide critical tests for the MSSM prediction. We also study 
the signals predicted for the non-SM-like Higgs bosons and emphasize the potential importance of the elec- 
troweak processes pp -^ H^H~ , H^A^, which are independent of the SUSY parameters except for their 
masses. In addition, there may be sizable contributions from pp -^ H^h? ^ A^h? and W^H^ ^ ZH^ in the 
low-mass non-decoupling region, which may serve to discriminate the model parameters. We allow varia- 
tions of the relevant SUSY parameters in a broad range and demonstrate the correlations and constraints on 
these parameters and associated SUSY particles. 



I. INTRODUCTION 

The outstanding performance of the LHC experiments has led the field of high energy physics 
into unprecedented territory in the energy and luminosity frontier. Major discoveries at the Tera- 
scale are highly anticipated. One of the primary motivations for LHC experiments is the explo- 
ration for the mechanism of electroweak symmetry breaking. Among the many possibilities for 
new physics beyond the Standard Model (SM), Supersymmetry (SUSY) provides a natural frame- 
work for electroweak symmetry breaking. Although the signals for SUSY are still elusive at the 
LHC, significant progress has been made in the search for the Higgs boson. Recently, the ATLAS 
and CMS Collaborations have reported their updated searches for the SM Higgs boson [[I]-[4]]. 
Continuously extending the previous LEP2 mass bound for a SM Higgs (1 14.4 GeV) [[5]|, the LHC 
search has reached an impressively wide coverage for the mass parameters. The main conclusions 
are 

• A SM-like Higgs boson was excluded at 95% C.L. in the mass range of < 117.5 GeV, in 
118.5 GeV -122.5 GeV H and in 127.5 GeV-600 GeV [H, thus leaving a 95% C.L. mass 
window 

117.5 GeV - 118.5 GeV, 122.5 GeV - 127.5 GeV. (1) 

• An excess of events above the background expectation was observed in the final state of 77, 
at 126 GeV with 2.5a by the ATLAS Collaboration and at 125 GeV with 2.8a by the 
CMS Collaboration [4J, thus giving a tantalizing hint for a Higgs boson in the mass range 

-125 GeV ±2 GeV. (2) 

• No significant excess of events above the SM backgrounds was observed in the final states 
of VI^+VI^~, T^T~ , bb, however, a small excess has been seen in ZZ ^ 4^ [|3l|4l. 

Although inconclusive with the current data, each one of the statements above has significant 
impact on our understanding of electroweak symmetry breaking and thus guides us for the next 
step of the Higgs search. 

In this paper, we study the consequences of the above findings on the Higgs sector within the 
framework of the Minimal Supersymmetric Standard Model (MSSM) ^Ul- We first recollect the 
existing constraints from all the current bounds of the direct searches from LEP2 [[5l, the Tevatron 
ISl and the LHC [HHH [9l-[T2l. If we accept the existence of a CP-even Higgs boson in the mass 



range of Eq. (|2]) as observed in the 77 mode, we then find very interesting features for the MSSM 
Higgs sector and some other relevant SUSY parameters. There are two distinctive scenarios, both 
of which incorporate a SM-hke Higgs boson. 

(a) "Decouphng" regime with tua ^ 300 GeV [fT3]l : The fight CP-even Higgs h^ is in the mass 
range of Eq. ^ and SM-fike. The non-SM-fike Higgs bosons (heavy CP-even state H^, 
CP-odd state A^ and the charged state H^) are afi heavy and nearly degenerate, with masses 
around m^. 

(b) "Non-decoupling" regime with tua around 95 — 130 GeV: The heavy CP-even Higgs H^ is 
in the mass range of Eq. ^ and SM-like, while the light CP-even Higgs h^ is non-SM-like. 
The masses of the light CP-even Higgs and the CP-odd Higgs are nearly degenerate while 
the charged Higgs is nearly degenerate with m^o lfT4l . 

Each of these two cases predicts unique signatures to establish the nature of the MSSM at the LHC. 
While the current searches continue to improve in the future runs and the standard electroweak 
production processes 

pp -^ W^h\H^), Zh\H^), and qqh\H^), (3) 

are still available, we would like to point out the potential importance of the electroweak processes 

pp^H^H-, H^A^, (4) 

which are via pure gauge interaction and independent of the SUSY parameters except for their 
masses. In addition, there may be sizable contributions from 

pp^H^h\ A%^ (5) 

in the low-mass non-decoupling region, which may be used to distinguish the model-parameters. 
On the other hand, due to the strong positive correlation between the Higgs decays to ly+iy" 
and to 77 predicted in the MSSM, the observed 77 signal and the apparent absence of the VI^+VI^~ 
final state signal near the peak would be mutually exclusive to each other. Namely, the suppression 
of the W^W~ channel would automatically reduce the 77 channel, in direct conflict with the 
observed 77 excess. We also found another interesting inverse correlation between the Higgs 
decays to W^W~ and to t^t~ . In this case, the suppression to the W^W~ channel would 
automatically force the t^t~ channel to be bigger. If the deficit in the VI^+VI^" channel persists 



and the result is strengthened for an extended mass range in the future run at the LHC, it would 
imply that the SM-like Higgs boson has reduced couplings to W^, Z, rendering it less SM-like. 
Consequently, the other non-SM-like Higgs bosons cannot be deeply into the decoupling regime, 
and thus cannot be too heavy, typically below 350 GeV, making them more accessible at the LHC. 
Moreover, if the excess in the 77 channel and the absence of an excess in the VI^+VI^~ channel 
continue to be strengthened at the LHC, new physics beyond the MSSM will be required^ 

In the current study, we wish to focus on the essentials of the Higgs sector in the MSSM 
and to minimize the effects from other SUSY sectors [[IS [El- Nevertheless, a few other SUSY 
parameters, the Higgs mixing /x, the stop mixing At and the stop soft SUSY masses M^sq and 
Mssu^ play crucial roles in the Higgs sector. We explore the effects of the Higgs searches on 
those SUSY parameters by scanning them in a wide range and we find clear correlations and thus 
predictions on them. 

The rest of the paper is organized as follows. In Sec. [Il[ we give a brief introduction to the 
MSSM Higgs sector, focusing on the mass corrections as well as the coupling structures that are 



relevant for our discussion below. In Sec. [111} we discuss our broad scanning of the relevant MSSM 
parameters by imposing the existing constraints of the direct searches from LEP2, the Tevatron and 
the LHC. We obtain the surviving regions for the Higgs mass and the other parameters. With the 
further improvement expected at the LHC with 8 TeV and 14 TeV, we discuss the consequence of 



the SM-like Higgs boson searches on the MSSM Higgs sector in Sec. |IV| In light of the current 
direct search, we present the dominant production and decay channels as well as the characteristic 
channels for the non-SM Higgs bosons in Sec.|V]to test the MSSM in the future runs. We conclude 
inSec.lVll 

II. MSSM HIGGS SECTOR 

A. Masses 

Unlike in the Standard Model where the Higgs mass is a free parameter in the theory, in the 
MSSM with two Higgs doublets, the masses of the five physical Higgs bosons (two CP-even 
Higgs bosons h^ and i7°, one CP-odd state A^ and a pair of charged Higgs H^) at tree level and 



^ We note that there may be an exception ifTSl when a light stau with large mixing and large tan /3 could help to 
enhance the branching fraction of the h^ -^ 77 channel. 



the mixing angle of the CP-even Higgs bosons a, can be expressed in terms of two parameters 
ISEl, conventionally chosen as the mass of A^ {rriA) and the ratio of the two vacuum expectation 
values (tan/5 = Vujv^\ 



^^o,ifo = 2 ( (^^ + ^^) T V (^A - ^1)^ + 4m^m| sin^ 2^ j , 



(6) 



m^oim^-m^o; 



m^± = m^ + m^, cos (/3 - a) = a". ^ y-. (7) 

We will call the CP-even Higgs boson that couples to W^W~ /ZZ more strongly the "Standard 
Model-like" Higgs as we discuss it's properties further in the next section. For a low-mass ttia ^ 
mz/2, or a high mass ttia ^ 2mz, the Higgs boson masses can be approximated by 

rriho ^ mm {mA^Tnz}\co82/3\^ m/fo ?^ max {m^, ^z}, m^fi ?^ max {m^, ^w^}. (8) 

Because of the large Yukawa coupling of the top quark and the possible large mixing of the 
left-right top squark, the CP-even Higgs boson masses receive significant radiative corrections. 
For nearly degenerate soft SUSY breaking parameters in the stop sector: M^^q ^ M^^jj ^ M^, 
the correction to the mass of the SM-like Higgs can be approximately expressed as ^ ifTSlfTOl 



3 777 




A\ 



\2Ml 



+ . . . , (9) 



4^2 ^2 

where the mixing in the stop sector is given by 

At = ^-//cot/3. (10) 

For At = 0, the corrections to the Higgs mass from the stop sector is minimized, this is the so- 
called "m^^^'' scenario EOll , where the radiative contributions could give rise to a Higgs mass as 
high as 1 17 GeV including a dominant two-loop corrections for a stop mass up to about 2 TeV. For 
At = ^/QMs, the second term in Eq. (|9|) is maximized, leading to the so-called "mj^^""' scenario 
II20II . where a maximum Higgs mass of about 127 GeV can be reached in such a scenario. To 
obtain a relatively large correction to the light CP-even Higgs mass, relatively heavy stop masses 
(at least for one of the stops) as well as large LR mixing in the stop sector is needed. When two- 
loop corrections of the oder of 0{aas) are included, there is an asymmetric contribution to the 
Higgs mass from the At term, where postitive At gives a few GeV larger correction compared to 



For the non-decoupling case when H^ is SM-Hke, this expression also appHes to the correction of m//o . 



the negative At case. Note that there are uncertainties of a few GeV coming from higher loop 
orders, as well as from the uncertainties in m^, a^, etc.. For detailed calculations and results on 
the Higgs mass corrections in the MSSM, see Refs. lfT9l [2X112211 . 

B. Couplings to SM particles 

Another important aspect is the couplings of the Higgs bosons to the SM particles OH. The 
couplings to gauge bosons behave like 

W^W-h^, ZZh^, ZH^A^, WH^H^ (xgsm{P-a), 
W^W-H^, ZZH^, Zh^A^, WH^h^ (xgcos{/3-a), 
-fH^H-, ZH^H-, WH^A^ oc g. (11) 

where g is the weak coupling. Either h^ or H^ can be SM-like when it has a stronger coupling 
to Ty+VI^" and ZZ. In the "decoupling limit" ttia ^ ruz, ^m{/3 — a) ^ 1, cos(/3 — a) ^ 0. 
Then h^ is light and SM-like, while all the other Higgs bosons are heavy, nearly degenerate, and 
the H^ coupling to ly+VI^", ZZ is highly suppressed. In the non-decoupling region ttia ^ rriz, 
sin(/3 — a) ^ 0, cos(/3 — a) ^ 1. Then H^ is SM-like, while all the other neutral Higgs bosons 
are lighter, nearly degenerate, and the h^ coupling to ly+VI^" and ZZ are highly suppressed. Note 
that the couplings of the pair of Higgs bosons H^H~ , H^A^ to a gauge boson are of pure gauge 
coupling strength and are independent of the model parameters. 

The tree-level couplings of the Higgs bosons to the SM fermions scale as 

h^dd : m(i[sin(/3 — a) — tan/3cos(/3 — a)], h^uu : m^i[sin(/5 — a) + cot/3cos(/5 — a)], 
H^dd : md[cos{(3 — a) + tan/3sin(/3 — a)], H^uu : m^i[cos(/5 — a) — cot/3sin(/3 — a)], 
74°(iJ : m^itan/? 75, A^ uu \ rriu coi ^ ^^^^ H^du : rrid tan f3 Pr+ rriu cot f3 Pl^ (12) 

where Pl^r are the left- and right-projection operators. In the decoupling limit, these result in the 
branching fractions for the leading channels, 

Br(66) : Br(rf) : Br(tt) ^ 3ml tan^ (3 : ml tan^ /3 : Sm^/ tan^ (3 for H^, A^, 
Br(t6) : Br(rP) ^ 3(m^ tan^ /3 + m^/ tan^ f3) : ml tan^ /5 for H^. (13) 

In the non-decoupling limit, the couplings of H^ to the SM fermions become SM-like, while the 
above branching fraction relations still approximately hold for /i°, A^ and H^, except that the top 
quark channel would not be kinematically open. 



Radiative corrections can change the above relations [fT9l[23] - [25]| , in particular for the channels 
involving b and t. Both the mixing in the Higgs sector, as well as the top and bottom Yukawa 
couplings could receive relatively large loop corrections in certain regions of the MSSM parameter 
space. In particular, a large positive MSSM correction to Am^, defined as ESll 



mt = htVd{l + Am^), (14) 

where /15 is the bottom Yukawa coupling, leads to a suppression in h^/H^ -^ bb decay, resulting 



in an enhancement in hP / H^ -^ 77, ly+iy and ZZ. For more discussion on this, see Sec. Ill C 



C. Parameter scan 

We wish to examine the theoretical parameter space of the MSSM Higgs sector as generally as 
possible. To do so, we study the 6-dimensional parameter space in the ranges 

3 < tan/3 < 55, 50 GeV < m^ < 500 GeV, 100 GeV < /x < 1000 GeV, 
100 GeV < M^su. M^sq < 2000 GeV, -4000 GeV < At < 4000 GeV. (15) 

The lower limit of tan /3 is chosen based on the LEP2 Higgs search exclusion [|5], while the upper 
limit takes into account the perturbativity of the bottom Yukawa coupling. We limit uia within 
500 GeV since it already reaches the decoupling region. A higher value for ttia simply pushes up 
the nearly degenerate masses for H^, A^ and H^ while it does not affect the phenomenology of 
the light CP-even Higgs h^. The ranges of M^sui M^sq and /x are motivated by the naturalness 
consideration, as well as the current collider search limits for SUSY particles. The range of At 



is chosen to cover both the limiting scenarios of m^'''^ and m^^"^ as mentioned below Eq. (10). 
It turns out that At is of critical importance. It dictates the mixing of the stop sector. In turn, it 
has significant effects on the radiative corrections to the Higgs mass, mixing in the CP-even Higgs 
sector, gg -^ h^/H^ -^ 77 via stop loops, as well as a contribution tob ^ sj through a chargino- 
stop loop. Indeed, we find that changing the sign of At could lead to potentially distinctive results. 
The effects of the other SUSY parameters on the Higgs sector phenomenology is small. There- 
fore we take the simplified approach in our analyses to decouple their effects by setting the other 
SUSY soft mass scales to be 3 TeV. Some notable effects in special cases will be discussed in 
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FIG. 1: Allowed mass regions versus vfiA for the light CP even /i^ (green circles), and the heavy CP even 



R^ (red crosses), and the charged R^ (black pluses), scanned over the parameter ranges given in Eq. (15), 
for (a) satisfying the LEP2 bounds, and (b) further including the bounds from the Tevatron and the LHC. 



III. THE HIGGS SECTOR IN LIGHT OF DIRECT SEARCHES 

We used FeynHiggs 2.8.6 [Ell EZl IM llH to calculate the mass spectrum and other SUSY 
parameters, as w^ell as the Higgs decay vv^idths and branching fractions and dominant Higgs pro- 
duction cross sections. We used HiggsBound 3.6.1beta [[28l[29l to check the exclusion constraints 
from LEP2 0, the Tevatron (HI and the LHC lfn[2l [9^121. In practice, w^e generated a large Monte 
Carlo sample to scan over the multiple dimensional parameter region and test against the experi- 
mental constraints. For the foUow^ing presentation, the allovv^ed points (or regions) in the plots are 
indicative of consistent theoretical solutions satisfying experimental constraints, but are not meant 
to span the complete space of possible solutions. 



A. Allowed Regions for Higgs Boson Masses 

We first reexamine the Higgs boson masses for /i°, i7°, R^ subject to various current con- 
straints from the direct searches. In Fig. [T]^a), w^e present the scanning output w^hich satisfies the 
LEP2 [[5l bounds. The band vv^idths reflect the scanning of the other SUSY parameters. The LEP2 
bound sharply cuts off the allov^ed masses at a little above 90 GeV near the kinematic limit for ZR 
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FIG. 2: A zoom-in plot of Fig. [T[b) for the light CP even h^ (green circles), the heavy CP even H^ (red 
crosses), including the bounds from the LEP2, the Tevatron and the LHC for (a) At < and (b) At > 0. 
The horizontal lines mark the mass range of Eq. ([2]). 

or AH, Figure[ljb) further includes the Tevatron M and the most recent LHC bounds^ Il3ll4l[9m2ll 
vv^ith the search for the light Higgs boson and H^,A^ -^ tt. We find that although many of the 
points that passed LEP2 are no longer allow^ed, the result is qualitatively the same in terms of the 
rriA coverage. Figure [2]^a) and (b) show^ the allow^ed mass values of the CP-even Higgs bosons in 
the close-up region as in Fig. [T]^b) v^ith ^4^ < and At > 0. The horizontal lines mark the mass 
range of Eq. ([2]). We see the subtle difference betw^een the signs of At, for v^hich At > yields 
more accessible solutions especially for a heavier m/^o due to tw^o-loop radiative corrections. 
We next calculate the CP-even SUSY Higgs production cross section for the channels 



gg -^ h\ H^ -^ 77, W^W' , ZZ. 



(16) 



Let us consider the CP-even Higgs bosons h^ and H^ after passing both the LEP2 and the hadron 
collider bounds. Figure |3] presents the ratios of the MSSM cross sections to the SM values versus 
rriA for (a) VI^+VI^" and (b) 77 final states, vv^ith green circles for h^ and red crosses for H^. The 
result for the ZZ channel is very similar to the W^W~ channel due to the SU(2) symmetry. 

For a SM-like Higgs boson, the Higgs-TyVI^ coupling is the main source for both the 
WW and 77 decay channels. In the SM, the ratio at m/^o = 125 GeV is fixed as 
Br(VI^+VI^")^M :Br(77)^M ^ 15% : 2.2 x 10"^ In the MSSM even v^ith our broad parame- 



^ We have implemented the ATLAS Higgs search update presented at Moriond meeting for individual channels at 
95% C.L. bounds. 
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FIG. 3: Signal cross section ratios cr/asM versus ttia for (a) the VF+VF~ final state with h? (green circles) 
and H^ (red crosses), (b) the 77 final state, and the branching fraction correlation (Br/Br^-M) for (c) 
h^ -^ 77 versus h^ -^ W^W~ and for (d) h^ -^ r^r' versus h^ -^ W^W~. All the LEP2 and hadron 
collider direct search bounds are imposed. The black dots in all the panels represent those satisfying the 
narrower Higgs mass window in Eq. ([2]). The light blue triangles are those satisfying the cross section 
requirement Eq. ( [T9| ). Other parameters are scanned over the range in Eq. ([15]) with At > 0. 

ter scan, there is a strong correlation. This is shown in Fig.jsj^c) for Br(77) versus Br(VI^+VI^~). 
We see an empirical linear relation 



Br(77) 



0.9 



Bt{W^W- 



(17) 



Br(77)^M ■" ^'^ Br(W^+W^-)^M' 
The smaller-than-unity prefactor is due to some level of cancellation in the loops of h^ -^ 77. In 
Fig.[3]^d), we show another correlation for the channels of r+r~ and ly+VI^". The SM prediction 
is at a value By{W^W~)sm :By{t^t~)sm - 15% : 7% at 125 GeV. It is interesting to note that 
they are "anticorrelated". Thus a consistency check of the predicted correlations as shown in Fig. [3] 
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FIG. 4: Signal cross section ratios a jasu versus m/^o for (a) VF+VF~ and (b) t^t~ final state, with the 
LEP2 and hadron collider direct search bounds except the latest bounds on VF+VF~ and t^t~ channel 
from ATLAS searches |[3l. The upper solid curve in each panel is from the current 95% C.L. bound ||3l. 
The two lower curves indicate the estimated improvements at a 8 TeV and 14 TeV LHC (see Sec.|lV]). The 
vertical bands indicate the narrow mass window in Eq. Q. Other parameters are scanned over the range in 
Eq. (fBl) with At > 0. 



could provide crucial information regarding the underlying theory. 

In Fig. |4| we show the cross section ratios a/asM versus m/^o for (a) VI^+VI^~ and (b) t^t~ 
final states, with the LEP2 and hadron collider direct search bounds except the latest bounds on 
Vl^+iy" and T^T~ channel from ATLAS searches [O. The solid curve in each panel is from the 
current 95% C.L. bound ^. The vertical bands indicate the narrow mass window in Eq. ^. 
We see that the recent ATLAS bounds from those channels alone are not strong enough to have 
a direct impact on the existing bounds, leaving solutions with a factor of 1.5 larger than the SM 
predictions. 

Given the tantalizing hint for the 77 events near 125 GeV, we take an important step to assume 
the existence of a CP-even Higgs boson 



h^ or H^ in the mass range of 123 GeV - 127 GeV, 
a X BT{gg -^ h^, H^ -^ 1i)mssm > 80%(a x Bi)sM' 



(18) 
(19) 



The mass window requirement in Eq. ( fTS] ) yields a very selective parameter region as indicated by 
the black dots in the panels in Fig. [3] The simultaneous requirement of the sizable cross section for 
the 77 mode forces tua into two distinct and separate regions, as seen from the light blue triangles 



11 



above the dashed horizontal hne in Fig. [3](b). The bulk region of the allowed parameter space is 
pushed to heavy ttia (roughly tua > 300 GeV), the "decoupling region" with the light CP-even 
Higgs being SM-like. There is, however, a small region at lower ttia that survives in the "non- 
decoupling" region (roughly 95 GeV < tua < 130 GeV) with the heavy CP-even Higgs being 
SM-like [i30il . The non-decoupling region, which satisfies both the mass and the cross section 
requirement as in Eqs. ( fTS] ) and ([19]), occurs mainly for At > 0. This is because a suppression 
of H^ -^ bb is needed in order for gg ^ H^ ^ 77 to be above 0.8 of the SM value. Such a 
suppression could be due to a large positive radiative correction to the bottom Yukawa, Am^ (as 
defined in Eq. ([14])), as well as a small cos aeff . where a^^ is the CP-even Higgs mixing parameter 
a with radiative corrections. Both could be realized in the positive At case, where Am^ is always 
positive, and cos agff could be as small as zero, while keeping At large enough to satisfy the mass 
region in Eq. ( [T8] ). For negative At, due to the cancellation between the sbottom-gluino loop 
(oc M3/X) and the stop-Higgsino loop (oc Atju), a small \At\ is preferred to obtain a positive Am^. 
In addition, to get a small value for cos^eff also requires a relatively small \At\. The radiative 
correction to the Higgs mass, however, is small for such a small value of |A^|, leading to a strong 



tension between the Higgs mass requirement in Eq. ( [18] ) and the cross section requirement in 
Eq. ([19]) for At < 0. 

We summarize these two distinctive regions as 

Decoupling region : h^ SM — like, m^o ^ m^± ^ tua ^ 300 GeV; (20) 

Non — decoupling region : H^ SM — like, m/^o ^ m^, m^o ^ m^±. (21) 

The non-decoupling region is of great interest both in terms of the theoretical implication and the 
LHC searches. 



B. Allowed Regions for Other SUSY Parameters 

It turns out that the above constraints have significant implication for the other SUSY parame- 
ters associated with the Higgs sector. 

1. tSin /3 versus rriA 

We first examine the allowed region of tan /5 versus m^. We present the region for At < in 
Fig. [5f a), and for ^4^ > in Fig. [5]^b). Not shown in the figures are the regions allowed by LEP2 
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FIG. 5: Allowed region of tan/3 versus rriA for (a) At < and for (b) At > 0, respectively. The region 
with purple diamonds satisfies all the LEP2, Tevatron and the LHC direct search constraints. The black 
dots represent those in the narrow mass window in Eq. ([18]). The light blue triangles are those satisfying the 
cross section requirement Eq. ([19]). Other parameters are scanned over the range in Eq. ( [T5] ). 
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FIG. 6: Allowed region for the SUSY Higgs mixing parameter /x versus m^. The legends are the same as 
Fig.|5} 
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alone, which are uniformly from tua ^ 90 GeV and on. The bounds from the hadron colliders 
(purple diamonds) remove the region of low ttia and high tan /5. This is largely due to the searches 
for /i^ //^ ^° ^ rr [[la, as well as t -^ bH^ ©[IIKia. The final requirements for the existence 
of a SM-like Higgs as in Eqs. ( [T8] ) and ( [T9] ) once again highly limit the parameter space (black 
dots and light blue triangles, respectively). Requiring the existence of a SM-like Higgs in the mass 
range of 123 - 127 GeV results in tua > 400 GeV for ^^ < and tua > 300 GeV for At > 0. 
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FIG. 7: Allowed region for (a) the SUSY stop-quark mixing parameter At versus rriA and (b) At versus 
MssQ' The legends are the same as in Fig.lSJ 

2. fi — rriA correlation 

The Higgs mixing parameter /x plays an important role for radiative corrections to the Higgs 
production and decay channels and w^e vary it in the range of Eq. ([15]). We show^ the impact on this 
parameter in Fig. [6} w^here the legends are the same as in Fig.[5| We note the interesting correlation 
in the decoupling region for ^^ > once w^e impose the cross section requirement as in Eq. ( [T9| ) 
(regions indicated by light blue triangles) that a low^er value of tyia results in a higher jjl. This is 
because a smaller /x leads to a suppressed gg ^ h^ ^ 77 and is, therefore, disfavored Il23ll24l . 

3. At — rriA correlation 

The next SUSY parameter relevant to the Higgs sector is At (see Eq. ([T0|)) and w^e vary it in 
the range of Eq. ( [T5] ). We shov^ the effect on this parameter in Fig.jTfa), w^ith the legends the same 
as in Fig. |5} The smaller \At\ region is disfavored due to the smallness of m/^o, w^hile the large 
1^4^ I region is removed by demanding sizable gg ^ h^ ^ 77, VI^+VI^~ cross sections Il23ll24ll . 
Such correlation of At v^ith tua is more pronounced for the negative At case. Similar effects v^ere 
already observed earlier in Bill . 
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FIG. 8: Allowed region for (a) tan/3 versus rriA and (b) /i versus rriA in the non-decoupling region for 
At > 0. The legends are the same as in Fig. [5] 

4. SUSY breaking scale M^sQ 

In Fig. |7]^b), wt present the allow^ed region in the plane of the soft SUSY breaking scale M^sq 
and At, vv^ith the legends the same as in Fig. [5j The behavior for M^su is very similar. An 
approximate m^^^ relation of At ^ VGMssq, VGM^su and/or large M^sq, M^su are needed to 
have a relatively heavy Higgs mass in the range of 123 to 127 GeV lfT5l[30ll32l - [35ll . Imposing 
the cross section requirement of Eq. ( [T9| ) further narrow^s dow^n the range of At. In particular, for 
the negative At case, At is typically in the narrow^ range from —2500 to —1000 GeV, w^hile for the 
positive At case, the allow^ed region is much broader, from 1000 GeV and higher. The difference 
betw^een positive and negative At is mainly due to the difference in the radiative correction to Am^ 
from the stop sector ll25]| . 



5. Non-decoupling region 

As discussed earlier, the non-decoupling region mainly appears w^hen At > 0. In Fig. [8} wt 
zoom into the non-decoupling region and impose the mass and cross section requirements as in 
Eqs. ( fTS] ) and ([19]). Panel (a) show^s that only a narrow^ region of 



95 GeV <mA< 110 GeV, 6 < tan/3 < 16 



(22) 



can accommodate a SM-like heavy CP-even Higgs in the mass range of 123 — 127 GeV OOll . 
Panel (b) show^s that a higher value of fi is preferred for larger tua after imposing the cross section 
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FIG. 9: Allowed region in Am^ = m^^ — m^^ versus m^^ for (a) At < and (b) At > 0. The legends are 
the same as in Fig. [5] 

requirement. This is because a large fi leads to a larger positive Am^, resulting in a more sup- 
pressed H^ -^ bb and a more enhanced i7° -^ 77. The surviving region in At versus ttia and At 
versus M^sq are similar to the decoupling case. 

C. Extended Discussions 

In our study, v^e scanned over the six parameters, m^, tan /5, /x, M^sq, M^su and At, v^hich are 
the parameters most relevant to the Higgs sector phenomenology. The other MSSM sectors, i.e., 
sbottoms, staus etc., could also contribute to the Higgs sector, radiatively, as wt briefly summarize 
below^. Most of our discussion applies to the SM-like Higgs boson being either h^ in the decoupling 
region or H^ in the non-decoupling region. 

1. Higgs mass corrections 

As seen in Eq. (|9]), the stop sector provides substantial radiative corrections to the Higgs mass. 
Large contributions from the stop sector need a relatively large At term and at least one of the stop 
mass parameters (M^sq or M^su) to be large. In particular, w^hen wt restrict the Higgs mass to 
the narrow^ v^indow^ of 125 ± 2 GeV, the mass splitting betv^een the tw^o stop mass eigenstates is 
found to be at least 200 GeV (300 GeV) for ^^ < {At > 0). Although one of the stops can still 
be as light as 100 — 200 GeV lfT5l[34ll35]| . the lighter the stop mass is, the larger the mass split 
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would have to be, as seen from Fig. [9} The coUider phenomenology of the light stop ti (as well 
as ^2 when it is within collider reach) depends on the stop mixing angle % and on the spectrum of 
gauginos, which is under current investigation ll36ll . 

Another way to reach a large positive correction to rrih is to allow extremely heavy stop masses, 
which we did not explore. Even when the stop masses are pushed up to 5— 10 TeV, we could barely 
obtain a SM-like Higgs boson with a mass of around 125 GeV for At ^ 0. Such a heavy stop mass 
would suffer from a severe fine-tuning problem, unless we envision the focus point scenario ifTTll . 

Note that there could be negative contributions to the Higgs mass from the sbottom and stau 
sectors when those states are light. The mixing parameter takes the form Ai^^^ = ^b.r — Mtan/5. 
Sizable corrections could be obtained for large tan /3 and large /i, with juMs < (for sbottom 
contribution) and /xMs < (for stau contribution) lfT8l[T9l [27112211 . 

2. Br(/iO -^ -f-f, W+W-, ZZ) 

Observation of the processes h^, H^ -^ 77, VI^+VI^", ZZ is of the utmost importance for 
the discovery and determination of the properties of the Higgs boson. As we discussed above, 
in the decoupling region (m^ > 300 GeV) h^ is SM-like and all the partial widths h^ -^ 
gg, 77, VI^+VI^", and ZZ are typically slightly suppressed compared to the SM values, while 
they are highly correlated in the generic MSSM sector. However, there are certain MSSM param- 
eter regions where Br(/i° -^ 77, VI^+VI^", ZZ) are not suppressed and even enhanced, and the 
predicted correlation is modified. 

Given the dominant decay of h^ -^ hh, a suppression of the h^hh coupling leads to the enhance- 
ment of the decay branching fractions of all three channels. There are two ways to suppress the 
h^hh coupling, either through the Higgs mixing effects in the CP-even Higgs sector, or through 
the suppression of the bottom Yukawa coupling via SUSY radiative corrections. The former is 
referred to as the "small aeff region" in the literature EOl . When the loop correction from the 
stop, sbottom, or stau sector to (M^)i2 is large and positive, the Higgs mixing angle a^^ is small, 
leading to a suppressed h^hh coupling, which is proportional to sin a^^/ cos /3. Such a region typi- 
cally appears for moderate to large tan /3, small to moderate m^, light stop, sbottom, stau masses, 
as well as large At, ^4^, A^ and ji ESll . The bottom Yukawa could also receive large radiative 
corrections in the MSSM, which can either be enhanced or suppressed compared to its tree-level 
value ll24l . In particular, strong suppression of the bottom Yukawa could be achieved for a large 
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and positive value of //M3 f25l. 

While the partial decay width for h^ -^ W^W~ , ZZ ( which are oc sin^ {/3 — o^eff )) are typically 
suppressed in the MSSM compared to the SM values, loop induced decay ofh^ 77, on the other 
hand, could be enhanced with stop, sbottom, or stau contributions with large left-right mixing and 
small sparticle masses. For light stop and light sbottom, however, the simultaneous suppression 
of the production channel gg -^ h^ results in an overall suppression of gg ^ h^ ^ 77. Stau, on 
the other hand, does not lead to the suppression of gg ^ h^. For stau mass around 300 GeV with 
large tan /3 and A^, an enhancement of gg ^ h^ ^ 77 as large as a factor of 2 is possible ifTSll . 

As noted above, the stop left-right mixing At is of critical importance since it has multiple roles 
here. First, it affects the correction to the Higgs mass with positive At and gives a larger correction 
compared to the case of negative At, due to a two-loop contribution with gluino and stops. At 
could also affect the mixing in the CP-even Higgs sector, bottom Yukawa, Higgs coupling to 77, 
as well as the production of gg ^ h^. Third, the sign of At also changes the sign of the chargino 
contribution to 6 ^ 57, as discussed below. 

Note that similar effects could also occur in the non-decoupling region with H^ being the SM- 
like Higgs. Our discussion above is still valid with the substitution of h^ by H^, sin(/3 — a^^) by 
cos(/3 — aeflf) and sin agfr/ cos /3 by cos aeff / cos /3. 

3. h ^ s^ 

The dominant indirect constraints on a light Higgs sector comes from 6 ^ 57. The current 
observed value is Br(6 -^ 57)exp = (3.55 ± 0.24 ± 0.09) x 10"^ W\ and the Next-to-Next- 
to-Leading Order QCD correction gives Br(6 -^ 57)sm = (3.15 ± 0.23) x 10"^ [[MlEl. There 
are two dominant MSSM contributions, namely, charged Higgs-top loop corrections and chargino- 
stop loop corrections. While charged Higgs loops always give positive contributions, contributions 
from the chargino loops depend on the signs of M2, /x, and At BOl . In particular, the contribution 
from the Higgsino-stop loop that is proportional to the left-right mixing in the stop sector gives 
a negative contribution for 11 At < and a positive contribution for 11 At > 0. For our choice of 
M2 > 0, /x > 0, the rest of the chargino loop contributions typically provides a negative correction 
to 6 ^ 57. In the nondecoupling region with small m^, significant negative contributions from 
chargino loops are needed to cancel the charged Higgs contribution, which typically requires a 
small M2. In the decoupling region where the charged Higgs contribution is negligible, given that 



18 




115 



120 



125 



'"-^tr 



130 



135 




10^ 



10 



-5 10 



10" 



10" 





Hi 


[ggmgllggllm^^^^^ 


ip^ WW 


x^ 




_^^^^^ 




Hgj 


|l|HH|PHiM 


^ Tl 




Mi 


HSHf^tate 




^ 


^Sip 


P-zz ■ 


- 




"^^T^ ^ 


|PP^ VY 






M^^^f ■ 









m (GeV) 
^° (c) 




FIG. 10: Cross sections (left panels) at the 14 TeV LHC and branching fractions (right panels) for the SM- 
like Higgs boson, (a) and (b) are for the decoupling region for h^, (c) and (d) in the non-decoupling region 

the current SM prediction is lower than the experimental value, a positive At is slightly preferred 
so that the MSSM corrections do not make the deviation worse. 

IV. FUTURE EXPECTATION WITH THE SEARCH FOR THE SM-LIKE HIGGS BOSON 

In anticipation of the successful operation at the energies of 8 and 14 TeV, the LHC will deliver 
a large amount of quality data in the years to come. If a signal for a SM-like Higgs boson is 
confirmed, then the task would be to determine its basic properties to good precision (41 J. On 
the other hand, if the signal for a SM-like Higgs boson continues to be elusive, it would provide 
further important information about the MSSM Higgs sector. 

We first reiterate the production and decay of a SM-like Higgs boson in the MSSM at the LHC. 
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For the convenience of future discussions, we divide the ttia mass parameter into two regions'^, 

Non — decoupling region : 90 GeV < tua < 130 GeV; 

Decoupling region : 130 GeV < m^. (23) 

In Fig. [10} the total cross sections (left panels) at 14 TeV and decay branching fractions (right 
panels) for the leading channels of the SM-like Higgs boson are shown after passing all the con- 
straints, (a)-(b) in the decoupling region for the SM-like /i°, and (c)-(d) in the non-decoupling 
region for the SM-like H^. As before, other parameters in the MSSM are scanned over the range 
in Eq. ([15]). The leading production channel is via gg fusion and of a rate at the order of 50 pb ll42ll 

gg^h'{H'). (24) 

The bb initial process is known to be small in the SM at the order of 0.6 pb for a 125 GeV mass at 
14 TeV [43 J, but it could be significantly enhanced in certain SUSY parameter region especially 



at large tan^/5 ll44l . This is seen in the plot by the large spread in Figs. 10 a) and (c). The 
electroweak processes of vector-boson-fusion and Higgs-strahlung are the next important sources 
for the SM-like Higgs boson production 

qq' -^ qq^h^ {H^), q^ -^ Wh^ (H^), Zh^ (H^), (25) 

which are roughly in the range of 0.5 — 5 pb. For those production channels that do not involve 
heavy quarks, the cross section rates are well predicted as seen from the narrow bands. For the 
branching fractions, the bb, tt modes are stable due to the cancellation of a common factor tan^ /3 
in the ratios, while all other modes result in a large spread. Because of the nature of the SM-like 
Higgs boson, in either the decoupling or the non-decoupling region, the cross sections of h^ or H^ 
behave similarly. 

We now consider improved measurements for the search for the SM-like Higgs boson and see 
the implication for the Higgs sector of the MSSM. Without going through detailed signal and 
background simulations, we simply assume the future data collection as in Table [1} The signal 
sensitivity improvements are scaled with -\/(Jsignai x L where (Jsignai is the total cross section 
(We use rriho = 125 GeV as an illustration.) for SM Higgs boson production ll42l . and L is the 
integrated luminosity. 



This division is not meant to be a rigorous definition, rather for the purpose of numerical illustration. 
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FIG. 11: (a) Signal cross section ratio cr/asM versus ttia with the 8 TeV improvement of sensitivity at the 
LHC for (a) the VF+VF~ channel, and for (b) the 77 channel. The legends are the same as in Fig.js] Other 
parameters are scanned over the range in Eq. ( p3) ). 



CM. Energy 


7 TeV 


8 TeV 


14 TeV 


Integrated luminosity 


5fb-i 


15fb-i 


30fb-i 


Cross section gg ^ h 


15.3 pb 


19.5 pb 


51.4 pb 


Signal statistical improvement 


1 


2 


4.5 



TABLE I: Statistical improvement factors for the SM-like Higgs boson search with m/^o = 125 GeV at the 
different energies of the LHC and with different luminosity assumption. 

Estimated improvements could have already been seen in Fig. |4]by the two lower curves both 
for ly+VI^" and t^t~ channels. As expected, the Vl^+iy" channel has stronger experimental 
sensitivity. With this channel alone, a Higgs boson in the MSSM with SM-like couplings could be 
excluded at 95% C.L. at the LHC, giving the allowed mass ranges 



w^w- 



rriho < 120 GeV at 8 TeV, m/,o < 115 GeV at 14 TeV. 



(26) 



These upper bounds could be relaxed if the coupling to W^ is weaker than that of the SM. 

We consider the potential improvement by combining the Vl^+iy", ZZ, 77 and t^t~ chan- 
nels. Although theoretically correlated as discussed earlier, these channels are experimentally 
complementary since they are sensitive to a Higgs signal in different mass regions. We thus scale 
the ATLAS expected curves by the sensitivity factors in Table [I] and estimate the expected im- 



provements at the 8 TeV and 14 TeV LHC. In Fig. 1 1 , we present the reduced regions for the cross 
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FIG. 12: Signal cross section ratio cr/asM versus m/^o. (a) For the 77 channel: the large light purple region 
is from the current LEP2, Tevatron and LHC bounds, the middle medium purple region is with the 8 TeV 
improvement including VF+VF~, ZZ^ t^t~ channels, and the medium green includes all four channels. 
The dark purple and light green are the same as the medium purple and medium green above, but with 
the 14 TeV improvement, (b) and (c) For the VF+VF" channel and t^t~ channel, with the switch of 
77 ^ W^W~, and 77 ^ t^t~, respectively. The two lower curves are the expected improvements from 
the individual channels (a) for 77, (b) for VF+VF~ and (c) for t^t~. For comparison, the current observed 
95% bounds at ATLAS for 77 and VF+VF~ are shown in solid curves as well. Vertical bands indicate the 



123 —127 GeV mass window for h^. Other parameters are scanned over the range in Eq. (15). Panel (d) 
shows the constrained region in the parameter space of tan/3 — rriA for 8 TeV with At > 0. The light 
purple shows the current LEP2, Tevatron and LHC bounds. The green is the 8 TeV expected improvement 
including all VF+VF~, ZZ, 77 and r^T~ channels. The black dots includes the requirement of the mass 
window in Eq. (fTS)). 
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sections versus tua for (a) the VI^+VI^~ channel and (b) the 77 channel. We note that, similar to 
the case in Fig. [3| a narrow mass window would further force the CP-even Higgs boson to have 
weaker couplings to the electroweak gauge boson, and thus less SM-like. The related consequence 
would be to drag ttia lower, away from the decoupling region. We also note from Fig.[TT]^b), that 
the cross section spread for the 77 channel, especially for H^ is significantly larger than that for 
W^W~, due to the other SUSY parameter effects in the loop for H^ -^ 77. 

To gain more intuition with respect to the experimental observables, we now examine the sig- 
nal cross section ratio as a function of the SM-like Higgs boson mass m/^o with the progressive 



steps in Fig. [I2[a) for the 77 channel, (b) for the VI^+VI^" channel and (c) for the t^t~ chan- 
nel. In Fig. [T2]^a), the large light purple region is from the current LEP2, Tevatron and LHC 
bounds. The middle medium purple region is with the 8 TeV expected improvement including 
VI^+VI^~, ZZ, T^T~ channels. The medium green includes the 77 channel in addition. The lower 
dark purple and light green are the same as the medium purple and medium green above, but with 



the 14 TeV expected improvement. For Fig. 12 ^b) and (c), we simply switch 77 ^ VI^+VI^ , and 



77 f^ r+r , respectively. The two lower curves are the expected improvements from the indi- 



vidual channels for 77 in Fig. 12 a), for W^W in (b) and for t^t in (c). For comparison, the 



current observed 95% C.L. bound at ATLAS for 77 and W^W are shown in Fig. [T2[a) and (b) 
as the red and orange curve at the top. 



Figure [12] contains essential results and several remarks are thus in order. First, as seen from 
the 77 channel, the expected improvements look impressive. The 8 TeV expected improvement 
will already be able to cover the full MSSM mass range with a SM coupling strength. The 14 TeV 
expected improvement will be able to probe a weaker coupling down to about a half of the SM 
cross section. Second, the 77 channel and the W^W~, ZZ channels are complementary, with the 
former more sensitive in the low-mass region and the latter in the high-mass region. Third, due to 
the correlation of the Higgs decay channels to 77 and to VI^+VI^", ZZ as predicted in the MSSM, 
one would expect their sensitivity curves to move down consistently. If otherwise the signal in 
the 77 channel remains as the red curve at the top, while the ly+VI^" channel continues to be 
reduced and break the MSSM correlation, then new physics beyond the MSSM must exist. The 



T^T channel shown in Fig. 12;c) is less sensitive than the 77 mode by about a factor of 2 for 



the cross section measurement as expected based on the current ATLAS analysis. The qualitative 



features in Fig. 12 c) are similar to (a) and (b) otherwise. 



Finally, we illustrate the expected improvement in constraining the parameters in the tan ;5 
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rriA plane in Fig. [T2]^d) for 8 TeV. Again the narrow mass window Eq. ( fTS] ) is crucial when con- 
straining the rriA range as indicated by the black dots. 

V. THE SEARCH FOR NON-SM-LIKE HIGGS BOSONS 

The searches for the SM Higgs boson in the LHC experiments have a direct impact on our 
knowledge of the SM-like Higgs boson in the MSSM Higgs sector, as discussed in the previous 
sections. However, in order to unambiguously confirm the structure of the Higgs sector in the 
MSSM, the most crucial next step would be to predict and test the other aspects correlated with 
SM-like Higgs boson searches. Naturally, the other Higgs bosons in the MSSM are of the highest 
priority. In this section, we comment on the search strategy for the two parameter regions as 
defined in Eq. ([23]). We use FeynHiggs to calculate the cross section for all the production modes 
except for the two Higgs modes, which it does not provide. For these, we use the couplings that 
FeynHiggs provides and we calculate the cross sections using CalcHEP [|45ll . We then multiply 
the two Higgs cross sections by a K- factor of 1.3 [46]. 

A. Non-decoupling region: m/^o ^ rriA ^ rnz^ m^o ^ m^± ^125 GeV 

Guided by the results in Fig.[5]^b), a SM-like Higgs boson in the 77 mode directs us to a possible 
region with low mass and non-decoupling when At > 0. Independently, the lack of ly+VI^" signal 
events indicates a lower cross section for the SM-like Higgs boson and thus prefers lower masses 
for the non-SM-like Higgs bosons. In this parameter region, the SM-like Higgs boson is a heavier 
one with m^o ^ tuh^ ^125 GeV, and the other neutral Higgs bosons are all lighter. We show 
their production cross sections at 14 TeV in Fig.[T3](left panels) along with the branching fractions 
(right panels). Considering the large QCD background to the bb final state, the preferred final state 
for the Higgs signals are r's ll9l-[T2ll. It is encouraging that the hadronic mode from both t^t~ can 
be implemented in the search pT]. The events may contain one or two accompanying b jets in 
them. We thus list the leading channels as 

bb -^ h^, A^ -^ T^T- + 0, 1, 2 Us, gg -^ h^, A^ -^ t^t', (27) 

gg^tt^ HH + W^b, gb -^ tH^ -^Wb + rv. (28) 

The cross sections can be quite sizable and are of the order of 100 pb for the hb annihilation 
channel, largely due to the tan^ ^ enhancement. The next channel is gg -^ /i°, ^4°, with a compa- 
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rable cross section. The production rates at the 8 TeV LHC are scaled down by roughly a factor 
of 2.5 — 3.5. The production cross sections of the neutral Higgs bosons, as well as t ^ H^b 
sensitively depend on tan/3, that could vary by about one order of magnitude. As for the decay 
branching fractions, they are all dominated by the heavy fermion channels that are kinematically 
accessible. They are rather robust with respect to other SUSY parameters. One important excep- 
tion relevant to the charged Higg search is the decay t -^ H^h, which sensitively depends on 
tan (5. For instance, for tan (3 < 15, the branching fraction of the top decay to H^h is only a few 
percent, 

We would like to point out that for low mass, along with the contributions to the SM-like Higgs 
boson in Eq. ( [25] ), there are several additional electroweak processes that can be competitive 

pp -^ -f/Z"" -^ H^H- -^ Tu ru, pp^W^ ^ H^A^ ^ ru + hi, (29) 

pp ^ Z* ^ Ah^ -^TT + hi, pp^W^ ^ H^h^ ^Tu + hi. (30) 



As seen in Fig.[T3[e), the cross sections for these electroweak pair productions 11461 are of the order 
of 100 fb, at the same order of magnitude as that of the associated production tH^. We emphasize 
the potential importance of the electroweak processes of Eq. ([29]) which are independent of the 
SUSY parameters except for their masses Il48ll . Complementarity, the production cross sections 
for the other processes of Eq. ( [30| ) do depend on the other SUSY parameters H9ll , which may serve 
as a discriminator to probe the underlying theory once observed. As for the observable signatures, 
it is imperative that the r final state should be adequately identified. In this regard, it has been 
encouraging to see the outstanding performance by the ATLAS and CMS Collaborations. 

We summarize the leading signals and the unique electroweak processes at the LHC in Table [11} 
Some further investigation regarding the signal observability and background suppression is under 
way. 

B. Decoupling region: m^o ^ m^± ^ uia > 300 GeV 

Again motivated by the results seen as the light blue triangles in Figs.[3]^b) and[5]^b), a SM-like 
Higgs boson in the 77 mode with a sizable production rate could push ttia toward the higher value 
in the decoupling regime. In this region, the non-SM-like Higgs bosons are nearly degenerate and 
all heavier than 300 GeV. Their dominant couplings are those to the heavy fermions, that dictate 



production and decay channels. The six panels in Fig. [T4[ show the total cross sections (left panels) 
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FIG. 13: Production cross sections at 14 TeV (left panels) and branching fractions (right panels) that satisfy 
all constraints for the non-SM-like Higgs bosons in the non-decoupling region, (a) and (b) for h^, (c) and 
(d) for A^, (e) and (f) for H^ and associate production. 

at the 14 TeV LHC and decay branching fractions (right panels) for the leading channels. Again, 
the results for the production cross sections at a 8 TeV LHC will scale down by roughly a factor 
of 2.5 — 3.5. At tree level, the branching fractions are simply given by the mass ratios and tan^ /3. 
The band spreads are mainly due to the variation of tan /3 at tree level and to a lesser extent to 
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Production channels 


r decay BR (%) 


Signal eve 
at 8 TeV 


nts/1 fb-i 
at 14 TeV 


gg, bb^h°, A^^T+T- 


pure leptonic: 12% 


480 - 3850 


1450-9600 


8 TeV: 4 x (1 - 8) x 10^ fbx 10% 


semi leptonic: 46% 


1850 - 14700 


5200-37000 


14 TeV: 4 x (3 - 20) x 10^ fbx 10% 


pure hadronic: 42% 


1700 - 13500 


5050 - 33600 


99, qq^tt^W^hH^h 








8 TeV: 2 X 2.3 X 10^ fbx 2% 


leptonic: 35% 


3200 


12600 


14TeV:2x9x 105fbx2% 


hadronic: 65% 


6000 


23400 


gh^tH^ ^W^hT^u 








8 TeV: (32 - 74) fb 


leptonic: 35% 


11-26 


53 - 123 


14 TeV: (150 - 350) fb 


hadronic: 65% 


21-48 


98 - 230 


qq -^ H^A^, H^h^ -^ t^u hi 








8 TeV: 2 x (100 - 150) fbx90% 


leptonic: 35% 


63-95 


126 - 189 


14 TeV: 2 x (200 - 300) fbx 90% 


hadronic: 65% 


117-176 


234 - 351 


qq — )■ H^H~ -> t~^v t~v 


pure leptonic: 12% 


4.8 


12 


8 TeV: 40 fb 


semi leptonic: 46% 


18 


46 


14 TeV: 100 fb 


pure hadronic: 42% 


17 


42 


qq -^ A^h^ -^ T+T- bb 


pure leptonic: 12% 


2.2-3.2 


4.3-6.5 


8 TeV: (100- 150) fbx 18% 


semi leptonic: 46% 


8.3-12 


17-25 


14 TeV: (200-300) fb xl8% 


pure hadronic: 42% 


7.6-11 


15-23 



TABLE II: Signal channels and rates at the 8 TeV and 14 TeV LHC for the non-SM-like Higgs bosons in 
the non-decoupling region with rriA ^100 GeV and m^± ^128 GeV The cross section ranges reflect the 
variation of tan /3 ^ 10 — 15. 



other SUSY parameters at one loop. 

Similar to the non-decoupling case, the leading production channels are bb ^ H^, A^ at the 
order of 0.1 — 10 pb, and the next one for gg ^ H^, A^ with a comparable or smaller rate. 



Although even smaller by another order of magnitude as seen in Fig. 14 ^e), the tH^ channel is of 
unique kinematics and may be feasible to search for. 



Based on our results in the figures above, we summarize the leading signals in Table III, where 
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FIG. 14: Production cross sections at 14 TeV (left panels) and branching fractions (right panels) that satisfy 
all constraints for the non-SM-like Higgs bosons in the decoupling region, (a) and (b) for H^, (c) and (d) 
forA^(e)and(f)fori7^. 

we list the signal channels and their rates at the 8 TeV (14 TeV) LHC. There exist comprehensive 
studies for most of the signals listed above Il50l453]| . There are also recent experimental searches for 
the neutral Higgs states at the LHC [HKlOl and charged state at the Tevatron [8J, which have been 
implemented in the previous figures. Efforts for the search are continuing in the LHC experiments. 
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Production channels 


r decay BR (%) 


Signal events/1 fb ^ 
at 8 TeV at 14 TeV 


bb^H°, A^^ T+T- 


pure leptonic: 12% 


0.04 - 96 


0.2 - 480 


8 TeV: 2 x (20 - 2000) fbx(0.8 - 20)% 


semi leptonic: 46% 


0.15 - 370 


0.7 - 1840 


14 TeV: 2 x (10^ - 10^) fbx(0.8 - 20)% 


pure hadronic: 42% 


0.1-336 


0.7-1700 


gg ^ H^, A^ ^ t+t- 


pure leptonic: 12% 


0.05 - 24 


0.2 - 96 


8 TeV: 2 x (25 - 500) fbx(0.8 - 20)% 


semi leptonic: 46% 


0.2 - 92 


0.7 - 370 


14 TeV: 2 x (100 - 2000) fbx(0.8 - 20)% 


pure hadronic: 42% 


0.2 - 84 


0.7 - 340 


gb -^ tH^ -^ W'^b T^v 








8 TeV: 2 x (5 - 60) fbx (0.5 - 30)% 


leptonic: 35% 


0.02 - 13 


0.07 - 53 


14 TeV: 2 x (20 - 250) fbx (0.5 - 30)% 


hadronic 65% 


0.03 - 23.5 


0.1-98 



TABLE III: Signal channels and rates at the 8 TeV and 14 TeV LHC for the non-SM-like Higgs bosons in the 
decoupling region with ttia ^ 400 GeV The cross section ranges reflect the variation of tan /3 ^ 20 — 40. 

VI. CONCLUSIONS 

In light of the powerful results presented by ATLAS and CMS for the SM Higgs boson searches 
at the LHC, along with the data from the LEP2 and Tevatron, we reexamined the MSSM Higgs 
sector for their masses, couplings and other related SUSY parameters. Instead of only presenting 
benchmark scenarios, we allowed variations of other SUSY parameters in a broad range. 

If we accept the existence of a SM-like Higgs boson in the mass window of 123 GeV— 127 GeV 
as indicated by the observed 77 events, we found that there are two distinctive mass regions left in 
the MSSM Higgs sector: (a) the lighter CP-even Higgs boson being SM-like and the non-SM-like 
Higgs bosons all heavy and nearly degenerate above 300 GeV (an extended decoupling region); 
(b) the heavier CP-even Higgs boson being SM-like and the neutral non-SM-like Higgs bosons all 
nearly degenerate around 100 GeV (a small non-decoupling region). These features were shown 
in Figs.|3]^a) and|3]^b). 

On the other hand, due to the strong positive correlation between the Higgs decays to iy+VI^~ 
and to 77 predicted in the MSSM, as seen in Fig. [3]^c) and Eq. ([17]), the observed 77 signal and 
the apparent absence of the W^W~ final state signal near the peak would be mutually exclusive 
to each other. Namely, the suppression to the VI^+VI^" channel would automatically reduce the 77 
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channel. In fact, the theoretical expectation for the 77 signal in the MSSM relative to that in the 



SM is even smaller than that for the Vl^+iy~ channel [e.g. Eq. ([17])]. To accommodate both the 
VI^+VI^" deficit and the 77 enhancement, physics beyond the MSSM would be needed. We also 
found another interesting inverse correlation between the Higgs decays to W^W~ and to t^t~, 
as seen in Fig.[3]^d). The suppression to the W^W~ channel would automatically force the t^t~ 
channel to be larger. 

If the absence of the VI^+VI^~ signal persists and the observation is strengthened for an extended 
mass range in the future run at the LHC, it would imply that the SM-like Higgs boson has reduced 
couplings to W^, Z, rendering it less SM-like. Although less statistically significant, the lack of 
the T^T~ final state signal could also contribute to reach a consistent picture. Consequently, the 
other non-SM-like Higgs bosons cannot be deeply into the decoupling regime, and thus cannot be 
too heavy, typically below 350 GeV, making them more accessible at the LHC. 

Future searches for the SM-like Higgs boson at the LHC will provide critical tests for the 



MSSM predictions for those points, as presented in Sec. IV Guided by those observations, we 



studied the signals predicted for the non-SM-like Higgs bosons satisfying the current bounds. 



Along with the standard searching processes qqH^, W^H^, ZH^ as shown in Fig.[10[c), we em- 
phasize the potential importance of the electroweak processes pp -^ H^H~, H^A^ in Fig. 13 ^e), 
which are independent of the SUSY parameters except for their masses. In addition, there may 
be sizable contributions from pp -^ H^h^, A^h^ in the low-mass non-decoupling region, which 
may serve to discriminate the model parameters. These cross sections can be as large as that of 
the tH^ associated production, which sensitively depends on tan/3. 

The stringent constraints also imply nontrivial correlation and prediction to some other SUSY 
parameters relevant to the Higgs sector, such as //, At, M^sq, M^su ^tc. Further explorations 
may lead to predictions for other SUSY signals for gaugino and stops. Over all, the search for the 
SM Higgs boson will prove crucial in understanding the SUSY Higgs sector. 

Acknowledgments 

We would like to thank S. Heinemeyer, T. Hahn, C. Wagner and H. Baer for helpful discussions. 
The work of N.C. and T.H. was supported in part by PITT PACC, and in part by the LHC-TI under 
U.S. National Science Foundation, grant NSF-PHY-0705682. The work of S.S. was supported by 



30 



the Department of Energy under Grant DE-FG02-04ER-41298. 



[1] ATLAS Collaboration, arXiv: 1202 . 1408 



[2] CMS Collaboration, arXi v :1202.1488 



[3] Sandra Kortner, ATLAS Collaboration, presentation at the XLVIIth Rencontres de Moriond, Elec- 

troweak session, March 7, 2012, ATLAS-CONF-2012-019. 
[4] Marco Fieri, CMS Collaboration, presentation at the XLVIIth Rencontres de Moriond, Electroweak 

session, March 7, 2012. 
[5] Combined results from the LEP2 experiments, Phys. Lett. B565, 61 (2003). 
[6] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, Front. Phys. 80, 1 (2000); J. F Gunion and 

H. E. Haber, Nucl. Phys. B 272, 1 (1986) [Erratum-ibid. B 402, 567 (1993)]. 
[7] A. Djouadi, Phys. Rept. 459, 1 (2008) | |hep-ph/0503f73) . 



[8] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 103, 101803 (2009) | arXiv:0907.1269l [hep- 



ex]]; V. M. Abazov et al. [DO Collaboration], Phys. Lett. B 682, 278 (2009) | |arXiv:0908.18TT] [hep- 
ex]]. 
[9] CMS Collaboration, CMS-PAS-HIG-1 1-009; G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 705, 
174 (2011) | |arXiv:l 107.5003] [hep-ex]]. 



[10] CMS Collaboration on ^o -^ t+t', CMS CMS-PAS-HIG-1 1-029 (201 1). 
[11] CMS Collaboration on t -^ HH, CMS PAS HIG-1 1-008 (2011). 
[12] ATLAS Collaboration on t -^ H^b, ATLAS-CONF-201 1-151 (2011). 
[13] H. E. Haber, hep-ph/9505240l 

[14] J.-M. Gerard and M. Herquet, Phys. Rev. Lett. 98, 251802 (2007) | |hep-ph/070305T1 [HEP-PH]]; 
E. Cervero and J. -M. Gerard, |^Xiv: 1 202. 1 973| [hep-ph] . 



[15] M. Carena, S. Gori, N. R. Shah and C. E. M. Wagner, |arXiv:l 112.3336] [hep-ph]. 

[16] Some recent papers dealt with the other MSSM aspects in light of the recent Higgs searches, 
see, e.g. H. Baer, V. Barger and A. Mustafayev, [arXiv: 11 12.3017 ; T. Moroi and K. Nakayama, 
arXiv: 11 12.312?, O. Buchmueller et a/.,|arXiv:1112.3564t S. Akula, B. Altunkaynak, D. Feldman, 



P. Nath and G. Peim, arXiv: 11 12.3 645; M. Kadastik, K. Kannike, A. Racioppi and M. Raidal, 
arXiv:1112.3647i J. Cao, Z. Heng, D. Li and J. M. Yang, |arXiv: 111 2.439 1| [hep-ph]; P Draper, 



P. Meade, M. Reece and D. Shih, |arXiv:1112.3068| [hep-ph]; N. Desai, B. Mukhopadhyaya and 

31 



S. Niyogi, [^XTv: 1202.5 190| [hep-ph]; H. Baer, V. Barger and A. Mustafayev, [arXiv: 1 202.4 038 [hep- 
ph]. 



[17] J. L. Feng, K. T. Matchev and D. Sanford, [arXiv:1112.3021[ 



[18] M. S. Carena, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 461, 407 (1996) [ arXiv:hep- 

|ph/9508343| . 
[19] M. S. Carena, J. R. Espinosa, M. Quiros and C. E. M. Wagner, Phys. Lett. B 355, 209 (1995) 

|arXiv:hep-ph/9504316]|. 



[20] M. S. Carena, S. Heinemeyer, C. E. M. Wagner and G. Weiglein, Eur. Phys. J. C 26, 601 (2003) 



|arXiv:hep-ph/0202167|. 



[21] G. Degrassi, S. Heinemeyer, W. Hollik, P Slavich and G. Weiglein, Eur. Phys. J. C 28, 133 (2003) 

ihep-ph/0212020 [. 
[22] S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9, 343 (1999) |hep-ph/9812472|. 
[23] M. S. Carena, S. Mrenna and C. E. M. Wagner, Phys. Rev. D 62, 055008 (2000) | .arXiv:hep^ 

|ph/9907422| . 
[24] M. S. Carena, S. Mrenna and C. E. M. Wagner, Phys. Rev. D 60, 075010 (1999) [arXi v:hep- 

|ph/98083T2l. 
[25] L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50, 7048 (1994) iarXiv:hep -ph/9306309|. 

R. Hempfling, Phys. Rev. D 49, 6168 (1994). M. S. Carena, M. Olechowski, S. Pokorski and 

C. E. M. Wagner, Nucl. Phys. B 426, 269 (1994) | arXiv:hep-ph/940225 3|. J. A. Bagger, K. T. Matchev, 

D. M. Pierce and R. J. Zhang, Phys. Rev. Lett. 78, 1002 (1997) [Erratum-ibid. 78, 2497 (1997)] 



| arXiv:he p-ph/961 1229|. 



[26] M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein, JHEP 0702, 047 (2007) 

| |hep-ph/06 1 1 32 61 , and references therein. 
[27] S. Heinemeyer, W Hollik and G. Weiglein, Comput. Phys. Commun. 124, 76 (2000) piep^ 

|ph/9812320|, and references therein. 
[28] P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein and K. E. Williams, Comput. Phys. Commun. 181, 

138 (2010) ||arXiv:08 1 1 .4169] [hep-ph]] , and references therein. 



[29] P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein and K. E. Williams, Comput. Phys. Commun. 182, 
2605 (2011) l larXiv: 1 102. 18981 [hep-ph]], and references therein. 



[30] S. Heinemeyer, O. Stal and G. Weiglein, arXiv: 11 12.3026 



[31] L Low and S. Shalgar, JHEP 0904, 091 (2009) | |arXiv:0901.0266l [hep-ph]] 



32 



[32] J. Cao, Z. Heng, J. M. Yang, Y. Zhang and J. Zhu, |arXiv:1202.5821| [hep-ph]. 

[33] A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi and J. Quevillon, [arXiv: 1 1 12.3028 

[34] A. Arbey, M. Battaglia and F. Mahmoudi, [arXiv: 1 1 12.30321 



[35] A. Arvanitaki and G. Villadoro, arXiv: 1 1 1 2.4835 ^ [hep-ph] . 

[36] L. Carpenter, J. Eckel, S. Su, work in progress. 

[37] D. Asner et al. [Heavy Flavor Averaging Group] , [m'Xjv: 1 1 0. 1 5 89| [hep-ex] . 

[38] M. Misiak et al, Phys. Rev. Lett. 98, 022002 (2007) |arXiv:hep- ph/060923 2|. 

[39] M. Misiak and M. Steinhauser, Nucl. Phys. B 764, 62 (2007) | arXiv:hep-ph/0609241J . 

[40] R. Barbieri and G. F Giudice, Phys. Lett. B 309, 86 (1993) |a rXiv:hep-ph/9303270| . 

[41] M. Duhrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld, Phys. Rev. D 



70, 113009 (2004) |he p-ph/0406323| . 



[42] S. Dittmaier et al. [LHC Higgs Cross Section Working Group Collaboration], [arXiv: 1 101 .0593 [hep- 

ph]. 
[43] F Maltoni, Z. Sullivan and S. Willenbrock, Phys. Rev. D 67, 093005 (2003) |hep- ph/0301033| . 
[44] J. L. Diaz-Cruz, H.-J. He, T. M. P Tait and C. P Yuan, Phys. Rev. Lett. 80, 4641 (1998) | |hep^ 



[45] A. Pukhov, E. Boos, M. Dubinin, V. Edneral, V. Ilyin, D. Kovalenko, A. Kryukov and V. Savrin et al., 
[hep-ph/9908288, A. Belyaev, N. D. Christensen and A. Pukhov, [^Gv: 1 207.6082| [hep-ph] . 



[46] S. Dawson, S. Dittmaier and M. Spira, Phys. Rev. D 58, 115012 (1998) | |arXiv:hep-ph/9805244[ . 

[47] ATLAS Collaboration, ATLAS-CONF-2012-014 (2012). 

[48] Q.-H. Cao, S. Kanemura and C.-P Yuan, Phys. Rev. D 69, 075008 (2004) |hep-ph/0311083|. 

[49] A. Belyaev, Q.-H. Cao, D. Nomura, K. Tobe and C.-P Yuan, Phys. Rev. Lett. 100, 061801 (2008) 

| |hep-ph/060907 9|. 
[50] ALTAS Collaboration, Expected Performance of the ATLAS Experiment: Detector, Trigger and 

Physics, CERN-OPEN-2008-020. 
[51] CMS Collaboration, Physics Technical Design Report, Volume 2, CERN/LHCC 2006-021. 
[52] M. Hashemi, S. Heinemeyer, R. Kinnunen, A. Nikitenko and G. Weiglein, arXiv:0804. 1228 | [hep-ph] . 
[53] S. Gennai, S. Heinemeyer, A. Kalinowski, R. Kinnunen, S. Lehti, A. Nikitenko and G. Weiglein, Eur. 



Phys. J. C 52, 383 (2007) [ |arXiv:0704.06 1 9| [hep-ph] ] 



33 



